Objective: Obesity in men is associated with reduced insulin sensitivity and hypoandrogenism, while obesity in women is associated with reduced insulin sensitivity and hyperandrogenism. In children, the effect of obesity and weight reduction on the hypothalamo-pituitary-gonadal axis is rarely investigated. The aim of the present study was to investigate the effect of weight reduction in obese Caucasian children on insulin sensitivity, sex hormone-binding globulin (SHBG), DHEAS and the hypothalamo-pituitary-gonadal axis. Methods: One hundred and sixteen (65 females) obese children with a median age of 12.3 (7-15) years were examined before and after a 10-week stay at a weight loss camp. Examination included anthropometry and fasting blood samples measuring plasma glucose, serum insulin, SHBG, DHEAS, testosterone, 17b-oestradiol, FSH and LH. Results: Body mass index (BMI) decreased (P!0.01), insulin sensitivity and SHBG increased (P!0.01), independent of gender and puberty. The changes in insulin sensitivity and the changes in SHBG correlated significantly (P!0.01) independent of gender, puberty and the changes in BMI. Testosterone increased in boys (P!0.01) and tended to decrease in girls (PZ0.05, in girls after menarche (PZ0.03)). FSH increased in boys and girls. LH increased in boys and was unchanged in girls. Conclusions: During weight loss, insulin sensitivity and SHBG increased significantly in obese children, and the changes in insulin sensitivity and the changes in SHBG correlated significantly independent of gender, puberty and the changes in BMI. There was sexual dimorphism in the changes of testosterone, with the changes in boys towards increased virilisation and the changes in girls towards less virilisation.
Introduction
Obesity and physical inactivity reduce insulin sensitivity and increase the risk of type 2 diabetes mellitus (T2DM) (1, 2) , and weight reduction increases insulin sensitivity in adults as well as in children (2, 3) .
Sex hormone-binding globulin (SHBG) has biological functions beyond regulation of sex hormones (4) . SHBG levels are negatively correlated with obesity and increase during weight loss in adults (5) . Furthermore, SHBG levels are correlated with insulin sensitivity (6) , and SHBG is a strong predictor for T2DM in adults (4, 7) . In children, SHBG levels have proven to correlate negatively with obesity and to correlate positively with insulin sensitivity (8, 9) . Furthermore, SHBG has been shown to correlate negatively with markers of the metabolic syndrome as dyslipidaemia and hypertension (10) (11) (12) .
Obesity in men, and particularly visceral obesity, is associated with low testosterone and SHBG (13, 14) . Low testosterone in men and high testosterone in women are associated with reduced insulin sensitivity (15, 16) , and predict insulin resistance and incident T2DM in older adults (17) . In children undergoing a substantial weight loss during a 1 year programme, testosterone increased in pubertal boys and decreased in prepubertal boys, prepubertal-and pubertal girls (18) .
Hypogonadotrophic hypogonadism in men has been found to correlate with obesity and T2DM (19) . Obesity in prepubertal and early pubertal girls was associated with reduced overnight LH secretion, while obesity was linked to reduced LH pulse amplitude, but elevated LH pulse frequency, in late pubertal girls (20) . In adolescent obese girls with menarche, a reduced ratio between LH and the FSH was observed after weight loss (21) . Thus, investigations have revealed a negative correlation between obesity and insulin sensitivity, SHBG and testosterone in men. In women, however, obesity correlates negatively with insulin sensitivity and SHBG, but positively with testosterone. The correlations between obesity, insulin sensitivity, SHBG and sex hormones, and the effect of weight reduction on these parameters in obese children have only been sparsely studied.
The aim of the present study was to investigate how weight reduction influences insulin sensitivity and the hypothalamo-pituitary-gonadal (HPG) axis in obese children. We analysed insulin sensitivity, SHBG, sex hormones and gonadotrophins before and after 10-week stay at the weight loss camp (WLC).
Subjects and methods

Study population
A total of 116 (51 males and 65 females) obese Caucasian children with a median age of 12.3 (7) (8) (9) (10) (11) (12) (13) (14) (15) years were included in the study. Moreover, 25 children who were included did not want a second examination, so they were excluded. Body mass index (BMI) z-scores (22) at inclusion in the study were more than 2 except in one girl with a BMI z-score of 1.91 (Table 1) . Twenty-four children were prepubertal and 92 children were pubertal. A subgroup of 20 females had had menarche. Children with syndromic or endocrine obesity were excluded. Furthermore, we excluded children with fever and children medically treated due to a chronic condition.
At the WLC, the children attended regular school classes, were physically active at least 1 h everyday and had a fixed diet plan with focus on reduced intake of calories. Food intake consisted of three main meals and three healthy snacks (fruits etc.) a day. No soft drinks were allowed, and candy was allowed only once a week in small amounts.
Study plan
The examinations were performed at inclusion into the study, just before attending the WLC and after 10-week stay at the WLC. The children were examined after an overnight fast.
Physical examination included a full objective examination including anthropometry. Waist circumference was measured midway between the lower rib margin and the iliac crest. The children were evaluated as prepubertal or pubertal according to Marshall & Tanner (23, 24) . Girls with menarche informed of the month and year of first bleeding. Laboratory examinations included a fasting blood sample and a blood sample 2 h following an oral glucose tolerance test with ingestion of 1.75 g glucose/kg (maximum 75 g). We measured plasma glucose, serum insulin, SHBG, DHEAS, testosterone, 17b-oestradiol (E 2 ), FSH and LH. All blood samples were drawn between 0900 and 1000 h in the morning.
Laboratory procedures and definitions
Serum levels of SHBG and DHEAS were measured by the routine laboratory immunometric methods on the Immulite 2000 autoanalyzer using commercial kits (Diagnostic Products Corporation (DPC), Los Angeles, CA, USA). SHBG detection limit was 0.2 nmol/l, and coefficients of variation (CV) was 4.5-5.6%. DHEAS detection limit was 0.4 mmol/l, and CV was 7.1-7.2%. Serum levels of E 2 , testosterone, FSH and LH were measured by the routine laboratory immunometric methods on the Advia Centaur autoanalyzer using commercial kits (Siemens Healthcare Solutions, Dublin, Ireland). E 2 detection limit was 0.05 nmol/l (functional sensitivity), and CV was 8.6-10.3%. Testosterone detection limit was 0.35 nmol/l, and CV was 8.2-9.9%. FSH detection limit was 0.3 IU/l, and CV was 4.2-4.5%. LH detection limit was 0.07 IU/l, and CV was 4.5%. Detection limits are reported by the kit manufacturer as 2 S.D. of the zero calibrator except for E 2 , where functional sensitivity is given. All analytical CV were determined by the routine laboratory as longterm CV on internal controls. Serum insulin was measured by a two-site immunospecific insulin ELISA (25) .
Impaired glucose tolerance was defined as blood glucose level of more than 8 mmol/l 2 h after ingestion of glucose (1.75 g/kg, maximum 75 g). The insulin sensitivity index-homeostatic model assessment (ISI-HOMA) was calculated as follows: 22.5/(insulin (mU/l)!glucose (mmol/l)) (26). 
Ethics
The study was performed in accordance with the ethical principles of the Declaration of Helsinki II. The study protocol was approved by the ethics committee of Region Midtjylland. All children and parents gave their informed written consent.
Results
Demographic data at inclusion are shown in Table 1 . There were slightly more girls in the pubertal group and slightly more boys in the prepubertal group (P!0.05). Boys had higher BMI z-scores at inclusion than girls (P!0.01). BMI decreased with a median of 3.0 kg/m 2 (0-6.5) during the 10-week WLC stay ( Table 2) . Waist circumference decreased significantly (P!0.01; Table 2 ), and there was significant correlation between BMI reduction and the changes in waist circumference (P!0.05). No children had T2DM, three children had impaired glucose tolerance at inclusion and one child had impaired glucose tolerance at follow-up. Insulin sensitivity evaluated by ISI-HOMA increased significantly during weight loss (P!0.01), and the increase was independent of gender. Insulin sensitivity increased in the prepubertal children (P!0.01) as well as in the pubertal children (P!0.01). SHBG increased significantly and the increase was independent of gender and puberty (P!0.01). The changes in both SHBG and insulin sensitivity was negatively correlated with the changes in BMI (rZ0.29, P!0.01 and rZ0.28, P!0.01 respectively). The changes in SHBG and the changes in ISI-HOMA correlated significantly (rZ0.35, P!0.01) independent of gender, puberty and the changes in BMI.
Serum testosterone increased significantly during weight loss in boys (P!0.01), and there was a trend towards a reduction in girls (PZ0.05). In the subgroup of girls with menarche, testosterone decreased from 1.65 (1.0-3.2) to 1.55 (0.7-2.4) (P!0.03). We found no correlation between SHBG and testosterone or between the changes in SHBG during weight loss and the changes in testosterone, neither when testing the whole population nor when stratifying for gender. In girls, there was a significant negative correlation between the changes in testosterone and the changes in insulin sensitivity (rZ0.39, P!0.01). In boys, there was no correlation between the changes in testosterone and the changes in insulin sensitivity. In boys, there was no correlation between the changes in BMI and the changes in testosterone neither when examining all boys, nor when examining the boys with a BMI reduction of more than 3 kg/m 2 (nZ31) or boys with a BMI reduction of more than 4 kg/m 2 (nZ10). Serum DHEAS was significantly higher after weight loss, but the increase was seen only in girls (P!0.01). DHEAS and testosterone correlated at inclusion (rZ0.41, P!0.01) and at follow-up (rZ0.28, P!0.01), but there was no correlation between the changes in testosterone and the changes in DHEAS during weight loss for the total population or for the individual genders.
Serum E 2 did not change significantly in boys or in girls (Table 2 ). We found no correlation between the changes in SHBG and the changes in E 2 during weight loss.
FSH increased significantly after weight loss in both boys and girls (Table 3 ). LH increased significantly in boys (P!0.01), but was unchanged in girls although median LH decreased. In girls, testosterone correlated with LH at inclusion as well as at follow-up. LH/FSH was unchanged in both boys and girls, but there was a 
Discussion
In the present study of obese children, we found that weight loss during a 10-week stay at the WLC resulted in increased insulin sensitivity by ISI-HOMA, increased SHBG and sexual dimorphism in changes of testosterone.
The negative correlation between BMI and insulin sensitivity is in accordance with previous studies in children (1, 27, 28) , and our demonstration of a negative correlation between the changes in BMI and the changes in insulin sensitivity is also in accordance with previous investigations in obese children (3, 26, 29, 30) . We demonstrated a strong positive correlation between increase in insulin sensitivity and increase in SHBG during weight reduction, independent of gender, puberty and the changes in BMI. In adults, low SHBG has been associated with impaired glucose tolerance and T2DM (4, 6, 7), and SHBG has been shown to increase during weight reduction (5) . In children, cross-sectional studies have demonstrated a positive correlation between SHBG and insulin sensitivity (8, 9) . One study found a significant increase in SHBG in 19 obese children with 'substantial weight loss' (18), but did not examine a possible correlation with the changes in insulin sensitivity. Data on the correlation between the changes in SHBG and the changes in insulin sensitivity during weight reduction are not available for both children and adults. Our demonstration of a strong correlation between the changes in SHBG and the changes in insulin sensitivity during weight loss corroborates that SHBG may be a good clinical marker of insulin sensitivity as proposed (4, 31) .
During weight reduction, testosterone increased significantly in boys and tended to decrease in girls, and the subgroup of girls with menarche had the highest decrease in testosterone. Reinehr et al. (18) found the highest increase in testosterone in pubertal boys with the largest weight reduction, but both boys with 'a substantial weight loss' (nZ7) and boys without weight loss (nZ14) had a significant increase in testosterone. The follow-up period in that study was 1 year, and a physiological increase in testosterone in pubertal boys may be expected. Our follow-up period was only 10 weeks, and the time variable might therefore be negligible. Reinehr et al. (18) also found reduced testosterone in a small group (nZ7) of pubertal girls with 'substantial weight reduction', in accordance with our observations. As 44% of testosterone is SHBG bound (32) and SHBG increased during weight reduction, this may partly explain the increase in total testosterone levels in boys; but we did not find any correlation between the changes in SHBG and the changes in testosterone in both boys and girls. Furthermore, testosterone changed inversely in boys and girls during weight reduction, while the changes in SHBG were independent of gender. Thus, the changes in testosterone levels in boys and girls during weight loss may be explained by other mechanisms rather than solely on an increase in SHBG. We found a general increase in DHEAS during weight loss, but only girls showed a significant increase in DHEAS. The changes in testosterone were different from the changes in DHEAS indicating that the origin of the changes in testosterone was not the adrenal glands. Increased testosterone concentration after weight reduction has also been shown in abdominally obese men (5) . In a cross-sectional study of obese men, the less obese had low testosterone but normal LH, while the most obese had low testosterone combined with low LH and low LH pulsatility (33) . Our observations of increasing testosterone during weight reduction in boys are in line with the findings in adults, and may be LH driven as LH increased significantly in our population of boys. In girls, we demonstrated a significant decrease in testosterone during weight reduction, and the changes in testosterone were inversely correlated with the changes in insulin sensitivity in agreement with the observations by Sudi et al. (34) .
The mechanisms by which obesity affects the HPG axis remain to be clarified (13) . We found a significant increase in LH and FSH in boys during weight reduction and an inverse relationship between LH and BMI changes. After gastric bypass and massive weight reduction, testosterone and FSH increased significantly in ten adult males (35) . It has been observed that obese men are less fertile compared with non-obese men (13) . FSH stimulates spermatogenesis, and the increase in FSH seen in our boys after weight reduction is in agreement with the studies in adults. It has been hypothesised that hypogonadotrophic hypogonadism in men may be the result of insulin resistance of the neurons at the level of the GNRH (13, 36) . Our results with increasing LH and FSH in boys during weight loss in combination with increasing insulin sensitivity corroborate this hypothesis. Furthermore, the changes in BMI correlated negatively to the changes in LH in boys, which may indicate an effect of weight loss independent of pubertal progression. Although the time course between the two examinations was only 10 weeks, progression in puberty may explain some of the increase in the reproductive hormones in boys. In girls, FSH increased significantly during weight loss, LH was unchanged but LH/FSH tended to decrease in girls after menarche; at the same time, testosterone decreased. Wabitsch et al. (21) found reduced testosterone and a reduced LH/FSH ratio after weight loss in 15-year-old girls; Reinehr et al. (18) found significantly reduced testosterone levels in a small population of girls with 'substantial weight loss'. Both studies are in accordance with our observations. It has been hypothesised that insulin may represent a regulatory factor in ovarian androgen secretion as high insulin levels stimulate the enzyme P450c17, causing increased conversion of progesterone to androstenedione, which is then converted to testosterone (37, 38) . Our results in girls showing increased insulin sensitivity after weight loss and an inverse correlation between the changes in insulin sensitivity and the changes in testosterone are in agreement with this hypothesis. Other hormones such as leptin, adiponectin, resistin, ghrelin and endocannabinoids may also have regulatory functions on the HPG axis in obesity and during weight loss (13) . However, the mechanisms remain to be determined. In summary, during weight reduction, insulin sensitivity and SHBG increased among obese children and adolescents, and the changes in insulin sensitivity and the changes in SHBG correlated significantly independent of gender puberty and the changes in BMI. Furthermore, we demonstrated a sexual dimorphism in changes to testosterone, with the changes in boys towards increased virilisation and the changes in girls towards less virilisation.
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